WJ. Effect of maternal undernutrition on vascular expression of micro and messenger RNA in newborn and aging offspring. Am J Physiol Regul Integr Comp Physiol 298: R1366 -R1374, 2010. First published March 3, 2010 doi:10.1152/ajpregu.00704.2009.-The aim of this study was to test the hypothesis that maternal undernutrition (MUN) alters offspring vascular expression of micro-RNAs (miRNAs), which, in turn, could regulate the expression of a host of genes involved with angiogenesis and extracellular matrix remodeling. The expression of miRNA and mRNA in the same aortic specimens in 1-day-old (P1) and 12-mo-old offspring aortas of dams, which had 50% food restriction from gestation day 10 to term, was determined by specific rat miRNA and DNA arrays. MUN significantly downregulated the expression of miRNAs 29c, 183, and 422b in the P1 group and 200a, 129, 215, and 200b in the 12-mo group, and upregulated the expression of miRNA 189 in the P1 group and 337 in the 12-mo group. The predicted target genes of the miRNAs altered in the two age groups fell into the categories of: 1) structural genes, such as collagen, elastin, and enzymes involved in ECM remodeling; and 2) angiogenic factors. MUN primarily altered the expression of mRNAs in the functional category of cell cycle/mitosis in the P1 group and anatomic structure and apoptosis in the 12-mo age group. Several of the predicted target genes of miRNAs altered in response to MUN were identified by the DNA array including integrin-␤ 1 in the P1 aortas and stearoyl-CoA desaturase-1 in the 12-mo age groups. These results are consistent with the hypothesis that MUN modulation of offspring gene expression may be mediated in part by a miRNA mechanism. aorta; DNA array MICRO-RNAs (miRNAs) are short, noncoding RNA molecules of 20 -25 nucleotides in length that regulate gene expression at the posttranscriptional level (2, 4) and play a significant role in the regulation of physiologic and pathologic processes. Several thousand miRNAs have been cloned and/or predicted and may regulate up to 90% of human protein-coding genes, primarily through translational repression, and, in some cases, mRNA degradation (9, 19, 35) . The role of miRNAs in fetal development and postnatal maturation is largely unstudied, and their role in fetal programming of adult disease is unknown. It is well known that maternal undernutrition (MUN) alters fetal gene expression, and changes in transcription rates cannot explain all these effects. Therefore, we have hypothesized that MUN influences the expression of offspring miRNAs, which then would influence processing of key developmental proteins, and this might represent a novel epigenetic mechanism for regulation of gene expression in the offspring.
aorta; DNA array MICRO-RNAs (miRNAs) are short, noncoding RNA molecules of 20 -25 nucleotides in length that regulate gene expression at the posttranscriptional level (2, 4) and play a significant role in the regulation of physiologic and pathologic processes. Several thousand miRNAs have been cloned and/or predicted and may regulate up to 90% of human protein-coding genes, primarily through translational repression, and, in some cases, mRNA degradation (9, 19, 35) . The role of miRNAs in fetal development and postnatal maturation is largely unstudied, and their role in fetal programming of adult disease is unknown. It is well known that maternal undernutrition (MUN) alters fetal gene expression, and changes in transcription rates cannot explain all these effects. Therefore, we have hypothesized that MUN influences the expression of offspring miRNAs, which then would influence processing of key developmental proteins, and this might represent a novel epigenetic mechanism for regulation of gene expression in the offspring.
Previously, we reported that MUN induced significant vascular remodeling of offspring vascular extracellular matrix (17, 18) and inhibited angiogenesis (16) . miRNAs have been shown to play a role in the regulation of both of these processes, and therefore we sought to determine whether MUN alters miRNA expression, which, in turn, might influence the regulation of genes important in angiogenesis and ECM remodeling. Recent accumulating evidence indicates a significant role for miRNAs in the regulation of genes involved in angiogenesis (40) and vascular differentiation (7) . In multiple species ranging from fish (12) to humans (20, 39) , alterations in miRNA maturation produce significant defects in expression of VEGF and its receptors (45) and correspondingly, changes in blood vessel and capillary formation, which can be embryonically lethal (6) . Collectively, these reports provide strong evidence for a role of miRNAs in regulating vasculogenesis, angiogenesis, and cardiovascular remodeling, and raise the possibility that these molecules may play a role in changes in vascular structure and function associated with MUN.
METHODS
Animals and tissue collection. The protocol for this study was approved by the Animal Use and Care Committee at La BioMed at the Harbor-University of California Los Angeles Medical Center Medical Center. First-time pregnant Sprague-Dawley rats (Charles River Laboratories, Hollister, CA) were housed in a facility with constant temperature and humidity and a controlled 12:12-h light-dark cycle. At 10 days of gestation, rats were provided either an ad libitum diet of standard laboratory chow (23% protein, 4.5% fat, 3,030 kcal/kg metabolizable energy; Lab Diet 5001; PMI Nutrition, Brentwood, MO) or 50% food-restricted diet determined by quantification of normal intake in the ad libitum-fed rats. The respective diets were given from 10 days of pregnancy to term. Maternal body weights and the food intake were recorded daily. At day 1 after birth, all offspring from food-restricted and control rat dams were cross-fostered to rat dams fed ad libitum, and litter size was culled to four males and four females per dam. Offspring were weaned at 3 wk of age to ad libitum standardized laboratory chow. Animals were anesthetized under isofluroane gas. Thoracic aortas were dissected and cleaned of periaortic fat and snap frozen in liquid nitrogen and stored at Ϫ80°C. This vessel was chosen because, in our previous work, we have extensively characterized the effects of MUN on angiogenic genes and genes regulating ECM remodeling. For immunohistochemical studies, blood vessels were fixed in 4% paraformaldehyde for 24 -48 h and then transferred to 70% ethanol. These conditions were previously shown to be optimum for immunohistochemical detection of proteins of interest. Arrays were used to examine three specimens from each dietary group, representing pooled RNA from four to six animals in the case of P1 offspring for each data point and two animals in the case of 12-mo-old offspring. Offspring tissues were obtained from six different dams in both age groups, and for pooling purposes, specimens were derived from different litters.
miRNA expression profiling. Total RNA was extracted from aortas using Trizol (Invitrogen) with their quantity and quality determined using an ND-1000 Spectrophotometer (NanoDrop Technologies, Wilmington, DE) and Agilent Bio-analyzer (Agilent Technologies, Foster City, CA), respectively. The isolated miRNAs were 3=-end labeled with Cy3 using the mirVana miRNA Array Labeling Kit (Ambion, Austin, TX) and the Post-Labeling Reactive Dye Kit (Amersham Bioscience, Pittsburgh, PA). miRNA profiling was performed by Ocean Ridge Biosciences (Jupiter, FL) by using custom-developed microarrays containing 237 NCode-2 35-44-mer rat miRNA oligonucleotide probes manufactured by Invitrogen and spotted in duplicate. At the time of analysis, these miRNAs represented an entire coverage of Sanger mirBASE version 9.0 content. After hybridization, the arrays were scanned using a GenePix 4000A array scanner (Axon Instruments, Union City, CA). The intensity of each oligo probe was averaged among triplicate spots and then normalized and analyzed using GeneSpring 7.0 Software (Silicon Genetics, Redwood City, CA). Normalization was performed by expressing each miRNA abundance relative to control miRNA (Ambion) added to each sample. Threshold and 95th percentiles of negative controls (TPT95) were calculated based on the hybridization signal from negative control probes, including mismatch and shuffled control probes and nonconserved Caenorhabditis elegans probes. The two base pair mismatch probes demonstrated a signal below or at TPT95 on all arrays. The computational algorithms TargetScan (http://www.targetscan.org/), PicTar (http://pictar.mdc-berlin.de/), miRDB (http://mirdb.org), and miRanda (http://www.ebi.ac.uk/enright-srv/microcosm/htdocs/targets/ v5/) were utilized for identifying predicted target genes of miRNAs.
DNA microarray. Total RNA isolated from the same tissues was also subjected to large-scale transcript profiling using RatRef-12 Expression BeadChip representing 22,524 probes for a total of 22,228 rat genes selected primarily from the NCBI RefSeq database (Release 16; Illumina, San Diego, CA). The arrays were utilized in accordance with the manufacturer's instructions. Following amplification and cDNA synthesis, 5 g of purified cDNA was reverse transcribed and labeled with the TotalPrep RNA Labeling Kit using biotinylated-UTP (Ambion, Austin, TX). Hybridization was carried out in Illumina Intellihyb chambers at 58°C for 18.5 h, followed by washing and staining. The signal was developed by staining with Cy3-streptavidin. The BeadChip was scanned on a high-resolution Illumina BeadArray reader.
The expression values were background subtracted and globally normalized using BeadStudio version 1.5.1.3 (Illumina), and probes with differential scores of Ն 13 were independently removed from each cohort. The transformed expression values were subjected to unsupervised and supervised learning and statistical analysis in "R" programming as previously described (41) . Gene expression values having a statistical significance of P Յ 0.05 (ANOVA, Tukey test) were selected and subjected to a 1.5-fold cutoff change (statistically significant) either positively or negatively. These values were subjected to functional annotation and visualization using the Database for Annotation, Visualization, and Integrated Discovery (http://david. abcc.ncifcrf.gov) (DAVID) software.
RT-PCR chain reaction. Using 2 g of total RNA isolated from the above samples, complimentary DNA was generated using Taqman reverse transcription reagent. The newly synthesized cDNA was used for PCR performed in 96-well optical reaction plates by using cDNA equivalent to 100 ng RNA in a 50-l reaction volume containing 1ϫ Taqman Universal Master Mix; optimized concentrations of FAMlabeled probe and specific forward and reverse primer were selected from Assay on Demand (Applied Biosystems). Real-time PCR was carried out using Applied Biosystems 7300 Fast Real-Time PCR System at 95°C for 10 min, 95°C for 15 s, and 60°C for 1 min for 40 cycles. The miRNAs and mRNAs expression values were analyzed using the comparative method (34) following transformation and normalization to RU6B and 18S rRNA expression, respectively, according to the manufacturer's guidelines; the threshold cycle was set within the exponential phase of the PCR and converted into fold change based on a doubling of PCR product in each PCR cycle.
Morphometry. Histologic analysis for elastin was performed using Van Giesen staining and images analyzed as previously described in detail (17) . To avoid variation in staining conditions, all specimens from each age group were stained simultaneously. The slides were analyzed by the same investigator blinded to the treatment groups under the same magnification and light intensity. The area of staining and staining intensity were quantified by image analysis by using the Image Pro 4.1 software (Media Cybernetics) coupled to an Olympus BHS microscope/spot RT digital camera. The images were calibrated for background intensity and converted to gray scale. The concentration of the immune reactive antigen was determined using integrated optical density; these values were proportional to the unweighted average optical density per area. Integrated optical density of four sections of the aorta (ϫ20 images) were analyzed, and mean values were obtained for the analysis.
Western blot analysis. Western blot analysis for AT 1-receptor protein, which was identified on the 12-mo age group DNA array and was determined to be significantly altered, was performed using a monoclonal antibody (Santa Cruz Labs, Santa Cruz, CA). We used 7.5% polyacrylamide gel and 5% milk buffer as a blocking agent. GAPDH was used as an internal control. Details of the procedure have been previously published (16) .
Statistical analysis. The results are expressed as means Ϯ SE and were statistically analyzed using Student's t-test for comparison of two groups and ANOVA followed by Tukey's test for multiple comparisons after verification of normal distribution. For nonnormally distributed data, the Mann-Whitney U-test or Kruskal-Wallis multiplecomparison test was used. P Ͻ 0.05 was considered significant.
RESULTS
The expression profile of the significantly altered miRNAs and some of their predicted target genes in P1 and 12-mo-old offspring aortas are shown in Tables 1 and 2 , respectively. Out of the 248 miRNAs on the array, 173 rat miRNAs profiled were detectable in the aorta. Statistical analysis showed one miRNA (miRNA 189) was significantly expressed more in the P1 MUN aortas, and three that were significantly expressed less (miR-29c, miR-183, miR-422b) compared with agematched controls (Table 1) ; in the 12-mo aortas, four miRNAs (miR-200a, miR-200b, miR-129, and miR-215) were significantly downregulated in the 12-mo MUN aortas and one miRNA (miR-337) was upregulated ( Table 2) . The predicted target genes of miRNAs altered by MUN in the two age groups included 1) structural genes, such as collagen, procollagen, protocadherins, and elastin; 2) enzymes involved in ECM remodeling and synthesis (ADAM, matrix metalloproteinases, hyaluronidase synthase-3); 3) angiogenic genes such as ephrin, neuropilin, thrombospondin, VEGF, FGF and its receptor, TGFrelated genes; and 4) genes regulating cell proliferation, such as BCL2, and signaling factors (MAP kinase, STAT, NCOA3).
There was a striking difference in the expression profile of miRNAs in the two age groups studied, which was independent of the in utero nutritional history of the offspring ( Table 3 ). The level of expression of miRNAs influenced by postnatal maturation is listed in Table 3 in descending order of magnitude of change in expression levels. Comparison of the two age groups shows that the level of expression of many miRNAs were significantly higher in the P1 group compared with the 12-mo group. The predicted target genes for miRNAs that showed the greatest change in expression during development are shown in Table 4 .
The results of transcript profiling, as determined by a ratspecific DNA array and organized into functional categories using DAVID bioinformatic analysis, are shown in Tables 5  and 6 for the P1 and 12-mo groups, respectively. The complete list of mRNAs showing significant change in expression is shown in the Supplemental Tables S1-S4 (Supplemental data for this article is available online at the American Journal of Physiology-Regulatory, Integrative and Comparative Physiology website.). In P1 aortas, 221 mRNAs were statistically significantly upregulated (127 were Ͼ 1.5-fold) and 125 were downregulated (91 Ͼ 1.5-fold) in controls compared with MUN aortas. In contrast to the P1 aortas, in the 12-mo aortas 338 mRNAs were expressed significantly more (240 Ͼ 1.5-fold) in control aortas compared with MUN aortas, and only 30 mRNAs (29 Ͼ 1.5-fold) were expressed more in MUN aortas compared with controls. There was little overlap between the mRNAs that commonly showed a change in expression in the two age groups in response to maternal undernutrition. Only three mRNAs were upregulated significantly in the MUN groups in both the P1 and 12-mo age groups (C11orf8h, LOC313778, LOC498945), and three mRNAs were downregulated (Prpsap1, LOC500216, LOC501549). Two mRNAs were upregulated in the P1 group but downregulated in the 12-mo age group (LOC498682, Rn.46489). In the P1 group, out of the 319 DAVID IDs, 175 genes could not be clustered into any functional category; in the 12-mo groups, out of 344 DAVID IDs, 149 genes could not be clustered into any functional group. As demonstrated in Table 5 , in the P1 group genes regulating cell cycle/mitosis and DNA replication had the highest enrichment score (greatest representation), whereas in the 12-mo group genes regulating anatomic structure/ development and apoptosis had the highest enrichment scores. There was a significant overlap of genes that fell in multiple functional categories in both age groups. In the angiogenic functional category, VEGFD, fibroblast growth factor binding protein (FGFBP), p-selectin, MMP14, and thrombospondin 2 were significantly altered in the P1 group, whereas in the 12-mo group CTGF, FGF2, AT-receptor 1b, integrin-␣ V , and TNF receptor 12 were altered (Tables 5 and 6 ). Each age group had functional categories that were unique to it. In the case of the P1 group, these categories included DNA modification with constituent genes, such as DNA methyl transferase-1, and steroid metabolism with such members as HSD1 and HSD7. In the 12-mo group, a number of genes fell into the category of sulfotransferases with constituents, such as heparan sulfate 3-0 sulfotransferase-1. Notable genes showing a decrease in expression in the P1 MUN aortas were FGFBP-1, HSD1, and Arginase-1. Genes showing an increase in expression in P1 MUN aortas were thrombospondin-1 and -2, collagen 5A1, ADAM, p-selectin and Notch3. In the 12-mo aortas, specific genes of interest with decreased expression in MUN aortas Shown are the miRNA species that changed significantly and by 1.5-fold or more as a result of postnatal maturation. The miRNAs are listed in decreasing order of the magnitude of fold change as read from top to bottom in each column beginning with the left-most column.
were integrin-␣ D and integrin-␣ 5 , serpine1, angiotensin II receptor type 1, hyaluronidase, ADAM, FGF2, annexin A1. Only a few genes were upregulated in the 12-mo MUN aortas including IL-17␤ and stearoyl-CoA desaturase 1 (SCD1).
An analysis was performed to determine which predicted target genes of miRNAs that changed in response to MUN could also be identified by the DNA array to show the expected up-or downregulation, and these genes are listed in Table 7 .
The miRDB and PICTAR were mainly used for sources of the predicted miRNAs. In the P1 offspring, miRNAs 29c and 183 were upregulated in expression in MUN, and therefore their predicted target genes would be expected to be downregulated. The integrin-␤ 1 gene met this criterion showing decreased expression by the DNA array. In the 12-mo group SCD1 mRNA, a target of miRNA 200b upregulated in the MUN group, showed a decreased expression by the DNA array. Out of 319 DAVID IDs, 175 genes could not be clustered in any category. Enrichment score is statistically determined to point the relative importance of a particular pathway based on the expression level.
Although few of the predicted targets of the significantly altered miRNAs were identified by the DNA array, many of the genes detected by the DNA array to change in expression had significant functional similarity to the predicted target genes of the miRNAs, an example of which is miRNA29c, which has several collagen subtypes as predicted targets.
Confirmation studies were performed for both miRNA and mRNA data. Real-time RT-PCR showed a significant decline in the expression of miRNA 29c in MUN aortas in two age groups, namely 3-wk-old and 12-mo-old offspring, and a trend toward a decrease in the P1 offspring (Fig. 1A) . One of the genes regulated by miRNA 29c is elastin. We examined the expression of elastin by histological analysis and image analysis in aortas obtained from P1 and 12-mo-old offspring (Fig.  1B) . Based on the decline in expression of miRNA 29c, the expectation would be to detect increased elastin mRNA and protein expression. As expected, the expression of elastin in MUN aortas from both groups was elevated. We also confirmed the changes in the DNA array for thrombospondin 1 involved in inhibition of angiogenesis and the AT 1 -receptor involved in the regulation of vascular tone (Fig. 1C) . As demonstrated in Fig. 1D , there was confirmation of the array data by real-time RT-PCR with an increase in expression of thrombospondin-1 mRNA in P1 MUN aortas and decreased AT 1 -receptor protein expression as determined by Western blot analysis in 12-mo MUN aortas.
DISCUSSION
This study profiled the expression of all known rat miRNAs and their associated mRNAs in vascular specimens from the offspring of dams undernourished during gestation. The results revealed an altered expression of only a few miRNAs but a large number of mRNAs in both age groups. The target genes of miRNAs whose expression was altered as a result of MUN included genes regulating extracellular matrix remodeling, angiogenesis, cell proliferation, apoptosis, and cell signaling in both age groups. Most prominently, MUN inhibited the expression of miRNA29c in both P1 and 12-mo-old offspring. This miRNA predominantly regulates the components of ECM, such as collagen and elastin, which we have shown be influenced significantly by MUN (17) .
Our data provide new support for the hypothesis that the expression profiles of certain miRNAs and mRNAs change significantly during development independently of in utero nutritional environment. The target genes of miRNAs downregulated by development related primarily to cell structure and cytoskeletal organization (Dmn, Ina, Mtap16), regulation of cell division and apoptosis (Anxa1, Pdcl3, Sema 3d, cyclin 2), regulation of transcription and translation (eif4e, Arid), and mediators of vascular growth (FGF, FGF receptor, VEGF). In contrast, miRNAs upregulated during development were associated mainly with target genes functionally associated with ECM components, including collagens and elastin, but they also influenced genes involved in cell growth and division (Rai2, cyclin) and vascular growth factors (VEGFA, FGF9, PDGFR, IGF1). Of particular importance was the finding that two of the developmentally regulated miRNAs (29c and 189) were also influenced by MUN in the P1 offspring, which supports the hypothesis that these miRNAs are involved in the patterns of fetal vascular programming associated with undernutrition. Our findings that MUN altered the expression of only a small number of miRNAs, but influenced expression of many mRNAs could be due to several factors. First, miRNA and mRNA expression and turnover are regulated very differently, particularly during vascular programming. Second, miRNAs regulate target gene expression at the posttranscriptional level, which implies that changes in protein abundance, function, and location can modulate the regulatory effects of miRNAs during vascular programming. Third, the currently postulated targets for each known miRNA involve considerable uncertainty and may not predict all actual target genes affected (37) . Fourth, several different miRNAs may target the same gene through either additive or competitive influences. Fifth, not all genes are regulated by miRNAs, and thus miRNA-independent mechanisms may mediate some effects of MUN. Sixth, a single miRNA may target a different combination of genes in different cell types, or in the same cell type at different stages of the cell cycle. Correspondingly, inhibition of mRNA would be expected only in the cell type in which the miRNA is expressed (10) . Such effects might be obscured in whole tissue homogenates that reveal only averaged relations between the miRNA and mRNA across all cell types in any given homogenate. Given these considerations, a global analysis of the miRNAs and mRNAs regulating particular pathways or physiologic processes is a more useful initial approach than a focus on a specific gene. In support of this approach, other studies that have simultaneously analyzed miRNA and mRNA in pathologies, such as acute myeloid leukemia, have also found only weak associations between miRNAs and changes in their target mRNAs at the transcriptional level (15) .
Among the miRNAs influenced by MUN, miR-29C may be the most significant functionally, as this miRNA targets the expression of genes involved in two fundamental processes involved in vascular programming: angiogenesis (16) and ECM remodeling (17) . Among the predicted target genes for miR-29C are components of the ECM, including collagens and elastin along with the enzymes involved in their synthesis and remodeling. Targets for miR-29C also include angiogenic genes, such as VEGF and integrin ␣ 5 -␤ 1 , a suppressor of angiogenesis and known to be upregulated by hypoxia (26) . Other angiogenic targets include ADAM, a disintegrin and metalloproteinase with a thrombospondin motif that binds and sequesters VEGFA, thereby inhibiting endothelial cell proliferation (25) . ADAM enzymes are also involved in ECM remodeling, endothelial cell invasion, and vascular sprout formation (38) , as well as vascular smooth muscle migration (43) . We have also previously reported that MUN stimulates vascular collagen deposition in a pattern consistent with development of vascular fibrosis (17) . Consistent with this finding, miRNA29 can also contribute to cardiac fibrosis (42) , and to ECM remodeling in cancer (36) . Given these findings, gene-based loss and gain of functions studies offer a promising direction for future studies of this important miRNA.
MUN upregulated only one miRNA in the P1 age group, miRNA-189. The predicted target of miRNA-189 includes at least four main genes: 1) serine/threonine kinase 3 (STK3); 2) HIF3␣, a basic helix-loop-helix PAS protein that activates hypoxia-responsive genes (23); 3) regucalcin gene promoter region-related protein (RGPR), a transcription factor that binds to the regucalcin gene and controls apoptosis (44) ; and 4) nuclear receptor coactivator 3 (NCOA3), a transcriptional coactivator protein that has intrinsic histone acetyltransferase activity and acylates histones making downstream DNA more accessible to transcription (3) . The array of functions affected by miRNA-189 suggests diverse effects on numerous genes through actions on DNA-binding proteins with secondary influences with the promoter regions of multiple different genes. In the aortas from 12 mo olds, four miRNAs were significantly downregulated in the MUN offspring. As observed in the P1 offspring, many of the target genes of the affected miRNAs were related to regulation of the extracellular matrix and angiogenesis. Importantly, changes in the expression of some of these predicted genes were confirmed by the DNA array. Two of the miRNAs suppressed by MUN belonged to the "200" family that regulates a large number of genes in several important categories: 1) genes involved with proteoglycan synthesis such as ␤-1,3-glucuronyltransferase, (B3GAT) and hyaluronon synthase (HAS 2); 2) thomobomodulin (Thbd), which is an integral endothelial cell membrane protein and acts as a cofactor in the thrombin-induced activation of protein C (24); 3) several different protocadherins; and 4) angiogenic genes, such as ephrin A1 (eph A1), and semaphorin 3f (Sema 3f) (21) . One of the predicted targets of miRNA 200b is SCD1, which was also identified by the DNA array as one of the few genes that were upregulated by MUN in the 12-mo-old aortas. SCD1 catalyzes the biosynthesis of monounsaturated fatty acids, thereby affecting lipid composition and fluidity of the cell membrane. Mice deficient in SCD1 exhibit cell membranes that are very rigid (27) , and shear stress induces the expression of this enzyme in endothelial cells, possibly providing a protective response to atherosclerosis (31) . Other angiogneic target genes of miRNA 200a include Zeb1, a two-handed zinc finger homeobox transcription factor that negatively regulates angiogenesis (13, 14) , and epiregulin (32) . Some of the predicted targets of miRNA-200, such as lysyl oxidase-like 3, are important in synthesis of ECM components. This enzyme encodes an extracellular copper-dependent amine oxidase that catalyses the first step in the formation of cross links in collagens and elastin (22) , and vesrcisan, an extracellular secreted matrix protein and member of the large chondroitin sulfate proteoglycan family (29) . Collectively, the broad range of effects of the miRNA-200 family clearly suggests great potential to modulate both vascular structure and function in the 12-mo-old animals, where changes in miRNA-200 were still prominent 1 yr after birth.
Although MUN influenced the expression of only a small number of different miRNAs, the expression profiles of many different mRNAs were altered by MUN. One potential reason for this finding is that the MUN may have influences on mRNAs independently of effects on miRNAs. The general profile of genes affected by MUN in the P1 aorta suggested activation of ECM remodeling via increased expression of ADAM, NOTCH, and MMPs, whereas in the aortas from 12-mo-olds, MUN suppressed many of these same mRNAs including ADAM, hyaluronidase, and serpine genes, which are ECM proteases. In the P1 offspring, MUN-induced changes in the expression of multiple mRNAs of genes involved in angiogenesis are consistent with our previous findings (16) and those from others (30) that indicated reduced angiogenesis in these offspring. Among the angiogenic genes identified by our array in the MUN-treated P1 aortas, FGFBP-1 was inhibited Ͼ 300-fold. The product of FGFBP-1 gene promotes angiogenesis through the activation and mobilization of stored FGF, which is bound by heparin sulfate glycans (1, 5) . In addition, simul- taneous inhibition of expression of neuregulin, another proangiogenic factor (33) , together with increased expression of thrombospondin 1, a major inhibitor of angiogenesis (8) , suggests that MUN influences angiogenesis in the newborn MUN offspring by altering the balance between proangiogenic and angiostatic influences (16) .
In the 12-mo-old offspring, MUN primarily influenced the expression of gene families related to structural development with additional effects on genes governing apoptosis. Important genes that were downregulated included AT 1 -receptor mRNA, which was confirmed by Western blot analysis. This was an unexpected finding because the MUN animals were hypertensive, which would suggest a possible upregulation of the AT 1 -receptor expression in the 12-mo-old MUN vessels. Telomere dysfunction has been associated with hypertension in other studies (11) , and our results were consistent with the possibility that MUN downregulated telomerase, the enzyme necessary with telomere capping. This could potentially represent a mechanism for the development of hypertension in the older MUN offspring. This intriguing possibility is an excellent candidate for further investigation.
Judging from the published literature, our study is the first to comprehensively profile the effects of MUN on the vascular expression of miRNAs and mRNAs in neonatal and mature offspring. The changes observed in miRNA and mRNA expression in the aorta may not be applicable to resistance vessels and may vary among different vascular compartments. A recent study by Yates et al. (46) examined the hepatic mRNA profile of a select battery of genes involved in atherosclerosis in the adult offspring of ApoE3 Leiden mice exposed to protein undernutrition in utero. This group showed suppression of SRBP-1 and altered expression of the LDL receptor superfamily. Nijland et al. (28) have also reported on the effect of maternal nutrient restriction on the offspring renal mRNA profile with decreased expression of genes involved in DNA/ RNA and protein biosynthesis. Without a doubt, the effects of MUN are highly tissue specific and depend heavily on the model used. Nonetheless, the data presented here strongly indicate that MUN influences multiple species of miRNA with consequences for many more types of mRNA in rat aortas, and that these effects change during postnatal development but can still be detected for at least a year after birth.
Perspectives and Significance
This study demonstrates that miRNAs are subject to regulation by maternal nutritional cues and thereby may represent a novel epigenetic mechanism. MUN altered the expression of only a select few species of miRNA, but many of these influenced proteins governing transcriptional regulation and apoptosis, which may help explain why MUN affected the mRNA for many different genes, as revealed by our novel global survey approach. More directly, the miRNAs most potently affected by MUN had multiple targets among the genes that regulate angiogenesis and ECM remodeling. Together, these effects of MUN on miRNA suggest an important mechanism whereby maternal nutritional status can lead to vascular programming of the fetus. Future studies of these mechanisms offer great promise for improved understanding of both the genes governing vascular development and the roles played by miRNAs in these processes.
